Melanopsin is a photopigment expressed by certain types of retinal ganglion cells that mediate non-imageforming visual functions, such as circadian photoentrainment. In this issue of Neuron, Sonoda et al. (2018) reveal how melanopsin also regulates the sensitivity of conventional image-forming vision.
Vision begins when light is focused by the cornea and lens onto the photoreceptors within the retina, at the back of the eye. Traditionally, we think of light sensing as the job of rod and cone photoreceptors, which have specialized outer segment structures packed with light-sensitive opsin proteins that activate an intracellular G-protein cascade. Through this cascade, light modulates rod and cone membrane potential and glutamate release onto second-order bipolar neurons, which in turn drive retinal ganglion cells (RGCs; Figure 1A )-the output neurons that project to the brain. In mice, there are $40 distinct RGC types, each of which exhibits a characteristic morphological and genetic profile and reports a unique feature within the scene (Baden et al., 2016) . Most of these RGC types mediate image-forming vision, which encompasses a fine spatial analysis of light patterns on a timescale of milliseconds, enabling object recognition, environmental navigation, gaze control, and so on. But some RGC types instead mediate non-image-forming vision, which encompasses a coarser analysis of light level on a timescale of seconds, serving more basic functions such as adjustment of pupil size-to control how much light enters the eye-and entrainment of the circadian rhythm to sunlight.
The role of RGCs in non-image-forming vision became clear when a great mystery was solved: how do blind animals (and people) still entrain their circadian rhythm to light following the degeneration of rod and cone photoreceptors? It turns out that some RGCs express an opsin protein called melanopsin, encoded by the Opn4 gene, and are actually themselves photoreceptors (Berson et al., 2002) . Thus, even when rods and cones have degenerated, and their downstream circuits are no longer functioning, the melanopsin-expressing RGCs still respond directly to light. A subset of these RGCs project to the suprachiasmatic nucleus (SCN), the major circadian pacemaker in the brain, and are sufficient to drive circadian photoentrainment.
The field subsequently exploded with findings about the melanopsin-expressing, so-called intrinsically photosensitive RGCs (ipRGCs) and their various functions. For example, we now understand that ipRGCs comprise at least five types in the mouse (M1-M5), each with distinct morphology, physiology, and central projections (Ecker et al., 2010) . M1 cells have the strongest level of melanopsin expression and seem to drive certain non-imageforming functions, including photoentrainment and the pupillary light response (Berson et al., 2002; Lucas et al., 2003; Chen et al., 2011) . M1 cells exhibit a large intrinsic depolarizing photoresponse mediated by melanopsin, which persists when rod and cone circuits are suppressed with synaptic blockers in vitro and even when the cell bodies are isolated from the rest of the retina.
On the other end of the spectrum of ipRGCs are M4 cells, which were known as ON alpha cells prior to the discovery that they express melanopsin. M4 cells are ON cells because they increase their firing to light increments (unlike OFF cells, which respond to decrements), and they have large cell bodies that can be readily targeted for electrophysiological recording in an in vitro retina preparation. M4 cells project to the dorsal lateral geniculate nucleus (dLGN) of the thalamus, but not to the SCN, and so they are part of the conventional image-forming system that projects through the dLGN to the visual cortex (Ecker et al., 2010; Estevez et al., 2012) . Melanopsin expression is relatively weaker in M4 cells compared to M1 cells, but there is still an intrinsic photoresponse observed when synaptic inputs are suppressed. Thus, M4 cells must combine their relatively modest intrinsic photoresponse with substantial synaptic input driven by rods and cones ( Figure 1A) . What is the relative importance of each of these influences on the cell? And how do these lightsensing systems interact?
A new study by Sonoda et al. (2018) in this issue of Neuron answers these questions by evaluating the interaction between melanopsin signaling and synaptic input in the M4 cell. First, the authors measured, at different levels of mean light intensity, the response to visual contrast. Contrast refers to the modulation of light around the mean level and was varied between 2% and 100% in the study. The mean level was independently varied up to 1,000-fold from starlight to daylight levels. (This change in the mean level is equivalent to putting on sunglasses, which reduces the average intensity without affecting the contrast in the scene.) The M4 cell's spiking response increased with contrast, as expected. But the sensitivity of the contrastresponse function at all mean levels (and the slope of this function in daylight) was impaired in melanopsin knockout (Opn4 À/À ) mice ( Figure 1B ). This effect did not generalize to a non-melanopsinexpressing control RGC type. Further, the M4 cell's decreased contrast response was not explained by a change in its excitatory synaptic inputs. This deficit in M4 cells from the Opn4 À/À retina could be rescued by activating melanopsin's presumed downstream G protein signaling cascade, mediated by G q , using a designer receptor exclusively activated by a designer drug (DREADD)-based strategy. How does melanopsin influence the firing rate of an M4 cell? During moderate or bright light, melanopsin produces a slow depolarization of the M4 cell's membrane potential-over tens of secondswhich could increase the probability of firing spikes and thereby enhance contrast responses ( Figure 1C ). But this mechanism could not explain melanopsin's influence on contrast sensitivity in starlight, which was impaired in the Opn4 À/À retina, when melanopsin fails to evoke a measurable depolarization. Something else must be at play. Sonoda et al. (2018) further investigated the mechanistic role of melanopsin in M4 cell contrast sensitivity by examining the cells' intrinsic excitability-that is, how easily the cell can be driven to fire spikes. The authors injected current pulses into M4 cells through a patch pipette to evoke spikes before and during exposure to background light. In wild-type mice, current injection in the presence of background light, from starlight to daylight, generated significantly higher firing rates than in the dark, whereas for Opn4 À/À mice this light dependence of firing was absent. Using the DREADD system, the authors showed that intrinsic excitability could also be enhanced following minimal activation of G q , suggesting that melanopsin's influence on excitability-acting through G q -is more light sensitive than its influence on membrane depolarization ( Figure 1C) . Remarkably, similar experiments in M1 cells revealed the opposite influence of melanopsin: in this cell type, background light decreased intrinsic excitability. Perhaps this reduced sensitivity tempers the M1 cell's tendency to become overly excited and enter into spike block in bright light (Milner and Do, 2017) .
Next, Sonoda et al. (2018) interrogated the molecular pathway underlying melanopsin phototransduction using an analysis of the current-voltage relationship of melanopsin-mediated responses in wildtype mice and transient receptor potential channel (TRPC) 3/6/7 knockout mice. These experiments revealed that M1 phototransduction increased an excitatory conductance mediated by TRPCs, as expected (Xue et al., 2011) . By contrast, M4 phototransduction negatively modulated a potassium conductance in starlight. Pharmacological experiments refined the identity of this conductance to the TASK family of two-pore potassium channels. In daylight, this mechanism of reducing a potassium conductance combines with the activation of a TRPC conductance. The net consequence for M4 cells is that background light increases the cell's input resistance, beginning in starlight and extending through daylight conditions ( Figure 1C ). The increased input resistance renders the M4 cells more excitable, enhancing their contrast sensitivity driven by conventional synaptic inputs through rod and cone circuits.
The study by Sonoda et al. (2018) advances our understanding of melanopsin's function in the retina. Still, there are many questions that deserve further investigation. For example, experiments were performed at 25 C-26 C to promote prolonged, stable recordings. It will be interesting to perform similar recordings closer to body temperature to see how this influences modulation of ion channels by melanopsin. Additionally, future studies will be necessary to link behavioral deficits in Opn4 À/À mice (Schmidt et al., 2014) with the physiological deficits in M4 cells reported by Sonoda et al. and with as-yet-uncharacterized ) are less sensitive to contrast than in wild-type mice, as indicated by a rightward shift of the contrast-response function. (C) In starlight, melanopsin increases excitability of M4 cells (red curve) but does not evoke significant depolarization (blue curve). At brighter light levels, melanopsin progressively depolarizes M4 cells while maintaining high excitability.
